INTRODUCTION
Breathing is a cyclic activity with inspiratory and expiratory phases, which is not monotonous (1-3). Priban (4) has shown in 1963 that respiration is extremely variable. While it is almost impossible to observe two spontaneous breaths with exactly the same characteristics, breathing is not random either. Respiratory variability is an intrinsic property of breathing and reflects the degree of freedom of the respiratory control system (5, 6) . A low respiratory variability is associated with pathological conditions in adults (7, 8) and in infants (9) . During mechanical ventilation, respiratory variability alteration may have an important impact on alveolar recruitment, oxygenation, and diaphragmatic dysfunction (10) (11) (12) (13) (14) . A low respiratory variability is predictive of mechanical ventilation weaning failure (15) (16) (17) and mortality (18) .
Neurally adjusted ventilatory assist (NAVA) is a recent ventilatory mode (19) during which the assist pressure is proportional to the electrical activity of the diaphragm (EAdi), which directly reflects the activity of the neural respiratory command (20, 21) . In contrast to monotonous ventilation delivered by more conventional ventilatory modes, such as pressure-controlled ventilation www.frontiersin.org (PCV), pressure support ventilation (PSV), or volume-controlled ventilation (VCV), the variability of pressure and tidal volume is higher during NAVA (11, (22) (23) (24) . NAVA permits to transmit the variability of the respiratory center demand into pressure (and volume) variability (11, 22, 23) . While different ventilatory modes have markedly different impact on the variability of the ventilatory pressure or flow, the impact of these modes on the patient's own breathing activity and variability is not clear (11, 23) . In a study conducted in 10 infants, we observed similar coefficients of variation of inspiratory EAdi during NAVA ventilation as compared to PCV and PSV, while the coefficients of variation for ventilatory pressure were strikingly different (23) . Assuming that coefficients of variation may be insufficient to capture the nonlinear properties of the signal at different time scales and hence fail to discriminate the groups, we sought to investigate the effects of NAVA on endogenous respiratory drive using more advanced techniques capturing variability.
The synchrosqueezing transform method, and in particular the related non-rhythmic to rhythmic (NRR) index, has recently emerged as a new method to analyze respiratory variability with a great robustness to noise and to short duration of evaluation period (25) (26) (27) .
The aim of this study was to characterize the variability of the respiratory center activity (reflected by EAdi) in infants using NRR, and to assess the impact of different ventilatory modes on the variability pattern. We hypothesized that on NAVA, EAdi variability will resemble most the endogenous respiratory drive patterns seen in the control group.
MATERIALS AND METHODS
This retrospective analysis included patients from two previous studies performed in the pediatric intensive care unit (PICU) of Sainte-Justine Hospital, Montreal, Canada. One study was conducted during mechanical ventilation with three different ventilatory modes (23) and one study was conducted in infants spontaneously breathing after tracheal extubation (28) . This post hoc analysis (Number # 3959) and the two previous studies (# 2537 and 3113) were approved by the Ethics Committee of Sainte-Justine Research Center. Written informed consent was obtained from the parents or guardian prior to inclusion in the initial studies.
PATIENTS
In the two studies, children <12 months old admitted to the PICU and requiring invasive mechanical ventilation for more than 24 h were eligible. For both studies, the exclusion criteria were chronic respiratory insufficiency, tracheostomy, pneumothorax, degenerative neuromuscular disease, bleeding disorders, vasoactive drug infusion, cyanotic congenital cardiovascular disease, diagnosed phrenic nerve damage, esophageal perforation, high frequency oscillatory or jet ventilation, contraindication to change nasogastric tube, and parental refusal.
STUDY PROTOCOL
Electrical activity of the diaphragm signal was recorded using a specific nasogastric tube (NAVA catheter, Maquet, Solna, Sweden) and a dedicated Servo I ventilator (Maquet, Solna, Sweden) as previously described (23, (28) (29) (30) . The ventilatory pressure was simultaneously recorded from the ventilator in mechanically ventilated patients. The sampling rate was 62 Hz for both signals.
In the mechanical ventilation group, infants (n = 10) were recorded consecutively in three ventilatory modes: NAVA for 5 h, PCV for 30 min, and PSV for 30 min (23) . The last 10 min in each mode were analyzed; the three consecutive recordings were, therefore, obtained within a period lasting about 70 min. A longer phase of ventilation was obtained with NAVA because this was one of the first studies evaluating NAVA in children, and we wanted to observe the behavior during this mode for several hours.
In the spontaneously breathing group (control group), infants (n = 11) who had recovered from a mechanical ventilation period were recorded during spontaneous ventilation in stable conditions, i.e., in the 2 h prior to PICU discharge, or when the removal of the EAdi catheter was planned because respiratory status was normal. The median (interquartile) time between extubation and recording was 24 h. No data on ventilatory pressure were available in this group, since no ventilatory support was provided.
VARIABILITY ANALYSIS
The NRR index (25) was used to describe the variability of EAdi and ventilatory pressure signals based on the synchrosqueezing transform. The power spectrum and its underlying mathematical model do not take into account the momentary behavior of the oscillatory pattern of a given signal (31, 32) . For example, the variability of the momentary breathing rate is ignored in the power spectrum analysis. This fact renders the power spectrum unsuitable for analyzing variability of EAdi signals under the control of different ventilator modes. Synchrosqueezing transform is a modern signal processing technique aiming to capture this momentary behavior -the quantities amplitude modulation and instantaneous frequency in the model analyzed by the synchrosqueezing transform capture how large/small and how fast/slow the periodic pattern inside EAdi signals repeats itself at each observation moment. We call a periodic pattern with slowly varying amplitude modulation and instantaneous frequency rhythmic, and the other patterns non-rhythmic; in other words, if the periodic pattern changes slowly as time goes by, we call the signal rhythmic. The NRR index quantifies how rhythmic the signal is; the higher the NRR index is, the more variable the signal is. We refer the reader to Ref. (25) for details of NRR and Ref. (26, 33) for the theoretical derivation of these indices.
As the optimal time window to analyze respiratory signals with NRR is not established and taking advantage of NRR's ability to estimate variability at relatively short time scales, we calculated the NRR using two time scales: 10 min (the whole recorded period) and 2 min (rendering 5 intervals per patient). For each patient, the mean value and the standard deviation (SD) of the five 2 min period NRRs were calculated. The stability of the 2-min NRR over time was estimated with intra-patient coefficients of variation (SD divided by the mean).
STATISTICAL ANALYSIS
Group data are reported as median [25th-75th percentiles] unless otherwise specified. All statistical analyses were conducted using SPSS software (Version 22, IBM SPSS Statistics, IBM Corporation, Armonk, NY, USA). Generalized estimating equations (GEE)
Frontiers in Pediatrics | Neonatology modeling approach was used to assess the effects of different modes of ventilation while accounting for time effect and Paw (34) . We used a linear scale response model with time and ventilation group as predicting factors and pressure variability as a covariate to assess their main effects and interactions using maximum likelihood estimate and Type III analysis with Wald Chi-square statistics. Friedman's test or Wilcoxon's test were used to assess differences between ventilatory modes (non-parametric paired sample). A p-value below 0.05 was considered significant.
RESULTS

POPULATION CHARACTERISTICS
Ten infants were analyzed in the mechanical ventilation group and 11 infants in the control group. For the entire population, the median age was 3 [1] [2] [3] [4] [5] months and the weight 4.8 [3.7-5.9] kg. The main characteristics of each group are presented in Table 1 . The baseline characteristics were similar among the groups except for smaller body weight in the control group (p = 0.04). Table 1 The clinical status and the ventilatory settings in the different recording conditions are detailed in Table 2 . The control group patients had a higher respiratory rate than mechanically ventilated infants (p < 0.05). The peak EAdi was significantly lower in PCV as compared to NAVA and control groups (p < 0.05).
RESPIRATORY VARIABILITY
The NRR indices for EAdi and ventilatory pressure in the different ventilatory conditions are reported in Figure 1 .
Pressure variability
The pressure variability NRR was higher during NAVA than during PCV (0.36 [0.11-0.58] vs. −0.08 [−0.12-0.04]; p = 0.013), reflecting a higher proportion of NRR components, i.e., an increased variability. The difference between PSV and NAVA for pressure variability was not significant (p = 0.11). There was no time scale effect on the pressure variability analysis with NRR: the NRR indices calculated from 2-min or 10-min periods were similar.
EAdi variability
On 10-min time scale, the NRR for EAdi signals were higher in the control group infants as compared to patients with mechanical ventilation (Figure 1 , p < 0.0001, with significant differences between control and each ventilatory mode). No significant difference was observed between the three ventilatory modes (p = 0.40).
On 2-min time scale, the impact of the ventilatory condition was less apparent (Figure 1) . However, the 2-min windows revealed intra-individual temporal variability of NRR. A representative example of variability profile and NRR changes over time for ventilatory pressure and EAdi is illustrated in Figure 2 . The pattern of NRR variability for EAdi for the group is provided in Figure 3 , with statistical summary.
No correlation was observed between the age and NRR calculated on 10-or 2-min periods in the entire study group, as well as in the control group only (all R 2 < 0.02, all p > 0.7).
Generalized estimating equations showed that the time, the interaction between ventilatory mode and time, and the interaction among ventilatory mode, time, and pressure NRR were www.frontiersin.org significant factors predicting EAdi NRR (p < 0.0001, Table 3 ; Figure 3A ). The impact of the ventilatory modes in the aforementioned interaction was significant in each case (i.e., NAVA vs. PSV, NAVA vs. PCV, and PSV vs. PCV, all p < 0.001).
The intra-individual temporal NRR variability was also quantified using coefficients of variation of NRR, which were affected by the ventilatory condition (p < 0.01, Figure 3B ). While the variability of NRR was low in the control group (CV 22% [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] ) and during NAVA (28% , p = 0.33 vs. control), the CVs were 42% during PSV (p = 0.09 vs. control), and 63% during PCV (p = 0.02 vs. control).
DISCUSSION
Our results confirm that the mechanical ventilation influences the variability of the respiratory command. Normally breathing infants exhibited relatively high respiratory variability (as assessed by NRR), but this variability pattern seems rather stable over time. All ventilatory modes were associated with lower variability as compared to non-intubated patients. While the stability of NRR was similar in NAVA as compared to controls, the variability pattern was less stable during PCV, and PSV exhibited an intermediary pattern. Moreover, this physiological study is the first to evaluate respiratory variability using NRR in a pediatric population.
Physiological variability is an essential property of living systems that allows the adaptation to internal and external constraints. The variability pattern reflects this adaptability. The loss of variability usually reflects a loss in the degrees of freedom of the complex system. Decreased respiratory variability in critically ill adult patients has been shown to be predictive of poor outcome (15, 17) and even mortality (18) . Variability is not random and seems to be organized around a physiological balance (11) . For this reason, we decided to compare the respiratory variability of ventilated children to a control group. This allowed us to appreciate baseline physiological fluctuations in normal breathing pattern and to evaluate the impact of mechanical ventilation.
The mechanical ventilation has an impact on the patient's breathing. In particular, the ventilatory assist can elicit the Hering Breuer reflex resulting in prolonged expiration, or interrupted inspiratory time (35) . The ventilatory support also influences the magnitude of the patient's own respiratory effort through a negative feedback (28, 36, 37) . The impact of mechanical ventilation on the variability pattern of respiration has seldom been studied in comparison to non-supported patients. We previously observed in neonates that mechanical ventilation was associated with a markedly blunted variability of the functional residual capacity (9) . In the present study, we confirm that mechanical ventilation decreases the respiratory variability, as illustrated by the lower NRR component in the EAdi signals in the three ventilatory modes as compared to control infants.
Due to the relatively monotonous ventilatory modes commonly deployed in intensive care, and in light of the adverse outcomes associated with decreased respiratory variability, the impact of the ventilatory modes on the variability has been a matter of concern. Biologically variable ventilation has been developed in order to artificially reintroduce variability in the ventilatory volumes and timing. Experimental data suggest that it could permit to improve lung recruitment and oxygenation, but the experience in clinical practice is very limited (13, 38) . The NAVA mode is a recently introduced ventilatory mode that also has the potential to improve variability. Indeed, in NAVA, the ventilator delivers a pressure support that is synchronized and proportional in amplitude with EAdi. EAdi is a reliable reflection of the ventilatory demand of the respiratory center, and it contains a natural variability (20) . Under NAVA, the EAdi variability is translated into variability of ventilatory pressure and timing. This theoretical concept has been confirmed in adults (11, 22) and in infants (23, 24) . While it is clear that the variability in ventilatory pressure and timing is improved with NAVA as compared to the more monotonous ventilatory modes (11, (22) (23) (24) , the impact on the patient's own respiratory pattern is less clear. In critically ill adult patients, In each panel, the original signal is displayed in the upper part of the box (the signal on the EAdi column is the log 10 of the original EAdi signal), the time-varying power spectrum (the time-frequency representation determined by synchrosqueezing transform) is continuously represented on a vertical axis (gray distribution), and the piecewise constant blue dotted lines represent the NRR shifted up by 1.3 for the corresponding 2 min intervals. Note that the more rhythmic the oscillation is, the smaller the NRR value becomes. Also note the change in power spectra of both pressure and EAdi at the end of the PCV recording, which is translated into an increase in NRR.
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www.frontiersin.org variation, they reported increased variability pattern for volume and flow with NAVA. However, the coefficients of variation for EAdi were superior in PSV during the sleep stage 1-4 (non-REM), and showed no difference in REM sleep. Interestingly, during non-REM sleep phases, PSV was associated with a higher incidence of apneas, and an oscillatory pattern with episodes of over-assistance followed by apneas was observed in PSV. This may explain the increased coefficients of variation of EAdi in PSV during these periods, while in NAVA the intrinsic feedback prevented overassistance and apneas, and the coefficient of variation was lower. This illustrates the equilibrium that should be targeted with sufficient but not excessive variability. In pediatric patients, ventilatory pressure and volume were found more variable during NAVA than PSV or PCV (23, 24) . However, no difference in EAdi variability pattern was observed in these pediatric studies, based on the coefficient of variation. On the theoretical basis that the patient's respiratory centers are exposed to different feedback depending on the ventilatory mode and its delivered pressure variability and well-known non-linear nature of the respiratory activity (11), we hypothesized that the non-linear properties of the breathing pattern were differentially influenced, i.e., in a way that was not tracked by the coefficients of variation. We, therefore, used the NRR index to describe the respiratory variability. NRR is based on synchrosqueezing transform, which is a novel time-frequency analysis technique originally introduced in order to analyze speech signals. With synchrosqueezing transform, instantaneous frequency and the amplitude modulation can be accurately estimated from relatively short time intervals and synchrosqueezing transform is robust to different types of noise (27) . NRR index captures the temporal dynamics of the respiratory oscillations. In addition to the rhythmicity as the key ingredient, NRR also captures another local information hidden inside the signal, for example, how breathing evolves from one cycle to the next. In a nutshell, it takes into account not only the instantaneous frequency and the amplitude modulation but also the cycle to cycle temporal evolution. Instantaneous frequency and the amplitude modulation were previously used to predict weaning success in adult with a ROC area under curve of 0.76 and with only 3 min of respiratory data when conventional analysis tools required more than 30 min signal (27) . NRR index was also applied to evaluate the heart rate variability, which was shown to be well correlated with the anesthesia depth and predicted well the first response after the termination of anesthesia (25) . In the present study, the NRR analysis confirmed the overall lower variability of EAdi during mechanical ventilation as compared to the control group. While NAVA seems associated with a higher NRR, the difference among the ventilatory modes was not significant and larger studies will be needed to draw definitive conclusions. Importantly, we observed that time scale of observation is an important factor in estimating NRR of EAdi variability. No optimal time scale is known a priori. While the 10-min interval is helpful in assessing a global pattern and probably better captures the temporal evolution aspects of the respiratory variability reflected in the NRR, shorter time intervals permit to study the fluctuations in the EAdi variability pattern, as illustrated in Figure 2 . We observed that during normal breathing, NRR indices were relatively high but exhibited little variations (i.e., low coefficient of variation of NRR). This means a relatively "regular variability." Interestingly, these temporal NRR fluctuations were similarly small in NAVA. Contrastingly, PCV was associated with relatively low NRR and higher coefficient of variation of NRR, thereby reflecting an "irregular variability." A trend for higher coefficient of variation of NRR on PSV (p = 0.09 as compared to controls) suggests that the variability on PSV could also be more irregular than in controls and on NAVA. This finding parallels the observations by Delisle et al. (22) and requires larger cohorts to be validated.
The reduction of the perturbation of the ventilatory drive may have potential clinical benefits, which should be assessed in future studies. This may decrease the incidence of apneas or hypoventilation episodes (22, 39) , improve the patient's comfort during ventilation, and ameliorate the quality of sleep (22) in critically ill children.
Our study has several limitations. It is a retrospective study based on post hoc analysis. The duration of the recordings was relatively short and the patient sample size was small, in line with this being a pilot study. The sleep status was not recorded. The patients were selected from two previous studies with similar inclusion criteria, but the two groups were slightly different. In particular, the control group patients tended to be younger, although this difference was not statistically significant (p = 0.07). The younger age may be an important factor as it can be associated with a relatively more periodic breathing, which could influence our variability analysis. Although we did not observe any association between age and NRR, we cannot exclude that this has been a confounding factor. The control group included spontaneously breathing infants with no need for ventilatory support, but they had recovered from a period of mechanical ventilation in PICU. They should not be considered "healthy controls," but rather represent stable recovering patients. The mechanically ventilated group included patients able to maintain spontaneous ventilation together with their ventilatory assist. The results do not reflect the conditions of patients deeply sedated or with a full ventilatory support. Reflecting the usual PICU patients, the population in this study was somewhat heterogeneous with a variety of clinical diagnoses. This heterogeneity may have diluted the effect of the ventilatory modes on the breathing variability, provided the response to the ventilatory mode depends on the patient's condition. The limited sample size did not permit to conduct subgroup analysis, which requires future investigations in prospective cohorts. After the ventilatory mode www.frontiersin.org changes, a 20 min "washout" period was allowed before analyzing the respiratory variability. The optimal duration for reaching an equilibrium is not known, although the change in variability pattern appears extremely rapid (a few seconds) in clinical practice. Other studies have used 10 min "washout" periods in adults (11) as in infants (24) . Of note, relatively similar findings on respiratory variability have been observed using periods of 4 h (22) or 10 min (11) . Using 20 min period permitted a balance between the time to equilibrate and the total study duration.
Importantly, although the association between the loss of variability and adverse outcome has been repeatedly reported (15, 17, 18) , a confounding association with the underlying pathology is highly possible, as discussed above. Only studies with interventional design will permit to assess the clinical impact of variability restoration.
CONCLUSION
Non-rhythmic to rhythmic permits to characterize the variability pattern of the respiratory drive in infants with or without ventilatory support. In normally breathing infants, NRR was higher and with little variation, as compared to mechanically ventilated infants. However, this finding should be considered as exploratory, as it is based on a post hoc analysis and some baseline characteristics differed between the two groups. Although NAVA seemed to have the smallest impact on the variability pattern of the ventilatory demand, the differences with the other modes reached significance on some, but not all time scales of observation. Further studies are necessary to confirm these findings and study their impact on important clinical outcomes, in particular on the incidence of apneas and on the improvement of comfort and sleep quality.
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